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Enduring episodic memories are thought to be formed in a dialog between hippocampus and neocortex
promoting the redistribution of newly encoded memories from hippocampal to neocortical stores. In this
issue of Neuron, Wierzynski et al. report that during slow wave sleep (SWS), driven by hippocampal sharp
wave-ripple bursts, cells in prefrontal cortex fire consistently within 100 ms after hippocampal cells, i.e.,
a time window that allows for synaptic plastic changes in the neocortical cells. These observations corrob-
orate evidence for a hippocampo-to-neocortical transfer of memories taking place during SWS.The standard model of memory formation
assumes that, in order to prevent interfer-
ence with preexisting long-term memo-
ries, newly encoded memories are initially
stored in an intermediate buffer from
where these memories are gradually
transferred to the long-term store in an
off-line process. Much evidence indicates
that the hippocampus and closely con-
nected medial temporal lobe regions are
essential for the retention of recent
memories, whereas the neocortex stores
remote memories (Frankland and Bon-
tempi, 2005). Another line of evidence
suggests that slow wave sleep (SWS)
provides an off-line mode of processing
that enables the gradual incorporation of
newly acquired hippocampal memories496 Neuron 61, February 26, 2009 ª2009 Elinto neocortical networks for long-term
storage (Marshall and Born, 2007).
The off-line mode established during
SWS has been characterized as a dialog
between neocortex and hippocampus in
which the neocortex via slow oscillations
(<1 Hz) drives the reactivation of newly en-
coded hippocampal memories, whereby
these memories are redistributed, prefer-
entially involving medial prefrontal cortex
(mPFC), which is directly connected to
the hippocampus. In humans, the reacti-
vation of hippocampal memories during
SWS was indeed shown to be a causal
factor in the consolidation of visuo-spatial
memories. Multiple unit recordings in
animals have likewise offered convincing
proof of a reactivation of newly encodedsevier Inc.memories during sleep after a learning
experience. Neuron pairs that show corre-
lated spike activity during an awake expe-
rience are also correlated during subse-
quent sleep within the hippocampus and
within the neocortex, including mPFC (Eu-
ston et al., 2007). Qin et al. (1997) reported
that correlation patterns during wake
experience reemerged during subsequent
sleep both within and between hippo-
campal and parietal neocortical networks,
although the temporal firing order between
the regions was not preserved. Higher-
order replay of neuronal firing patterns
during SWS co-occurs likewise in the
hippocampus and visual cortex, an area
not directly driven by the hippocampus
(Ji and Wilson, 2007). Of note, neuronal
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these studies were observed during SWS,
with little evidence for similar replay activity
occurring during REM sleep. Of note also,
during SWS, the reactivation of correlated
sequence firing in the hippocampus is
associated with hippocampal sharp wave-
ripple events originating from strong depo-
larization of CA3 collaterals. And now,
using multiple unit recordings, Wierzynski
et al. (2009) have nicely demonstrated
that consistent spike-timing relationships
between hippocampal and prefrontal
neurons are driven by burst activity oc-
curring in association with sharp wave-
ripples selectively during SWS, and not
during REM sleep. This makes it very
tempting to speculate that the observed
spike timing, where hippocampal activity
leads prefrontal spiking, originates specifi-
cally from a neuronal replay of recently en-
coded memories.
It is quite well established that prefrontal
cortex talks to the hippocampus during
SWS, particularly through the slow oscilla-
tions which appear to exert a feed-forward
control over hippocampal activity during
memory consolidation. Slow oscillations
are field potentials that in humans occur
at a peak frequency of about 0.8 Hz,
most prominent over the prefrontal cortex.
They enforce synchrony among virtually
all excitatory and inhibitory neurons in
the neocortex, thus establishing general-
ized up (depolarization) and down (hyper-
polarization) states of activity. Synchrony
and amplitude of neocortical slow oscilla-
tions is increased during sleep after
learning, indicating that their neocortical
generation at least partially depends on
the prior use of these networks for encod-
ing of new information (Marshall and Born,
2007). Importantly, the temporal grouping
effect of slow oscillations is not limited to
neocortical networks but extends to the
thalamus, where thalamo-cortical (10–15
Hz) spindle activity is driven, and also to
the hippocampus, which, curiously, does
not generate slow oscillations itself (Iso-
mura et al., 2006). Both, thalamo-cortical
spindles and hippocampal sharp wave-
ripples occur preferentially during slow
oscillation up states (e.g., Mo¨lle et al.,
2009). Reactivation of neuronal firing
patterns in hippocampus and visual
neocortex during SWS after wake learning
experience is likewise organized into
temporal frames of generally increasedfiring corresponding to the up state of the
slow oscillation, with neocortical frames
leading hippocampal frames by 50 ms
(Ji and Wilson, 2007).
All of these data provide good evidence
for neuronal reactivation of newly encoded
information in hippocampal circuitry that is
driven by a corticofugal impact of the slow
oscillation. Yet, this is just one side of the
presumed dialog between neocortex and
hippocampus serving memory consolida-
tion during sleep. In the framework of the
standard model of memory consolidation,
the hippocampo-to-neocortical informa-
tion transfer is indeed more essential
than that in the opposite direction. Specif-
ically, the model assumes that memory
reactivation in the hippocampus during
SWS serves to repeatedly stimulate the
neocortex, thereby gradually integrating
new memories within the existing neocor-
tical network of long-term memories.
However, direct evidence for the hippo-
campus talking back to the neocortex
during SWS has as yet been surprisingly
scarce (Tononi et al., 2006). In fact, Wier-
zynski et al. (2009) are the first to show
a temporally coordinate neuronal informa-
tion flow from hippocampus to mPFC
occurring at the level of individual neuron
pairs during SWS, as a basic prerequisite
for subsequent plastic changes within
neocortical networks. The finding fills
a truly long-standing gap in the theory of
memory consolidation.
Thefindings of this studyalso tie innicely
with a numberof previous studies suggest-
ing that spike-time relations in the hippo-
campo-to-neocortical information flow
are embedded in a unique patterning of
field potential oscillations that includes as
major players the sharp wave-ripples and
thalamo-cortical spindles and provides
a temporally fine-grained frame for the
communication flow toward neocortex.
Hippocampal sharp wave-ripple activity
is associated with thalamo-cortical spindle
activity at a timescale of seconds due to
the grouping influence of the neocortical
slow oscillations, and both rhythms
increase inparallel after learning. However,
spindles and ripples seem to be even more
tightly connected in that single ripples are
nested in individual spindle troughs.
Thus, the hippocampal output becomes
temporally sandwiched between the cyclic
discharges of spindle-activated neocor-
tical neurons (Buzsa´ki, 2006). Interestingly,Neuron 61Wierzynski et al. (2009), in addition to the
mere co-occurrence of consistent hip-
pocampo-neocortical spike timing with
sharp wave-ripple bursts, revealed a
nonlinear relationship between the magni-
tude of hippocampal ripple bursts and the
prefrontal response: smaller hippocampal
bursts lead to a single-peaked, short-
latency prefrontal response (about 10 ms
later), whereas larger ripple bursts lead to
an additional prefrontal response 100 ms
later. These more powerful hippocampal
bursts (which themselves show no asym-
metric spiking) are associated with signifi-
cantly higher power in the spindle band of
prefrontal local field potentials, which led
the authors to suggest that the second
peak emerges from spindle band activity
within sufficiently excited cortico-thalamic
circuits. Corroborating this conclusion,
analyses of event-correlation histograms
in a recent study in rats indicated a strong
increase in prefrontal cortical spindle
activity launched by the occurrence of
hippocampal ripples (Mo¨lle et al., 2009).
Remarkably, this increase was signifi-
cantly prolonged during SWS after the
rats had learned odor-reward associa-
tions. In combination, these data give rise
to the idea of sharp wave-ripple events as
an ‘‘atomic unit’’ of hippocampo-prefrontal
communication that tune spindle activity
to feed reactivated memories into the
thalamo-cortical spindle cycle.
Wierzynski et al. in this issue demon-
strate hippocampo-prefrontal spike-
timing relationships that satisfy major
requirements for synaptic plastic changes
induced in prefrontal cortex. The hippo-
campus in SWS is clearly whispering to
prefrontal cortex—but what, exactly, is
a mystery. The burning issue still left
unanswered concerns the nature of the
changes that are actually induced by the
hippocampal whisper. Does the timed
spiking between hippocampal and medial
prefrontal neurons induce synaptic poten-
tiation or support the maintenance of
potentiation of these synapses induced
during previous learning? Studies of neuro-
transmitter activity and gene expression
suggest thatSWS providesa general milieu
not favorable for the induction of long-term
potentiation. On the other hand, repeated
spike discharge associated with spindle-
like activity can efficiently trigger long-
term potentiation in neocortical synapses.
Spindle activity, when occurring during, February 26, 2009 ª2009 Elsevier Inc. 497
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Previewsdepolarized up states of slow oscillations,
is accompanied by massive Ca2+ influx
into cortical pyramidal cells and might be
also associated with noradrenergic bursts
arising from the locus coeruleus (Marshall
and Born, 2007). These events together
may well support synaptic potentiation
during SWS specifically in those medial
prefrontal synapses receiving timed inputs
from hippocampal CA1. Recent human
studies using fMRI indeed confirmed that
sleep after learning of hippocampus-
dependent memories leads to increased
functional connectivity between hippo-
campal regions and specifically the mPFC
(Gais et al., 2007). In both rats and humans,
activity in the mPFC is greater during
retrieval of remote memories than during
retrieval of recent memories with an oppo-
site pattern seen in the hippocampus,
altogether suggesting that in a sleep-asso-
ciated process of consolidation hippo-
campal aspects of a memory representa-
tion become preferentially transferred to
the mPFC.
Traditionally, REM sleep and associ-
ated dreams have been linked to the
memory function of sleep more closely
than SWS. However, the dialog between
hippocampus and neocortex apparently
vanishes during REM sleep, being
restricted to SWS. In showing that consis-
tent spike-timing relationships between
pairs of hippocampal and mPFC cells498 Neuron 61, February 26, 2009 ª2009 Elare absent during REM sleep, Wierzynski
et al.’s results add to a growing body of
evidence that limbic-hippocampal and
neocortical circuitries become discon-
nected in this paradoxical stage of sleep.
Previous studies in humans of EEG
signals across a wide range of frequen-
cies recorded from scalp and intracranial
electrode sites revealed the highest corre-
lation of EEG oscillations between neo-
cortex and medial temporal lobe regions
during SWS, but distinctly lower correla-
tions during REM sleep (e.g., Axmacher
et al., 2008). Also theta activity dominant
during REM sleep appears to be disparate
in the two structures. Neocortical pro-
cessing in isolation restricts the role of
REM sleep for memory to a merely
synaptic form of consolidation, where
synaptic weights in neocortical networks
are gradually shaped and scaled due to
a global random activation signal, in the
absence of external stimulus inputs. By
contrast, the reorganization and redistri-
bution of neuronal representations that
occurs in the brain as memories change
from recent to remote requires the
concerted reactivation of, and fine-tuned
communication between, both hippo-
campal and neocortical circuitries making
the memory representation. Conditions
for this kind of systems consolida-
tion appear to be uniquely provided in
SWS.sevier Inc.REFERENCES
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